Despite the importance of oilseeds to worldwide human nutrition, and more recently to the production of bio-based diesel fuels, the detailed mechanisms regulating seed oil biosynthesis remain only partly understood, especially from a tissue-specific perspective. Here, we investigated the spatial distributions of lipid metabolites and transcripts involved in oil biosynthesis from seeds of two low-erucic acid genotypes of Brassica napus with high and low seed-oil content. Integrated results from matrix-assisted laser desorption/ ionization-mass spectrometry imaging (MALDI-MSI) of lipids in situ, lipidome profiling of extracts from seed tissues, and tissue-specific transcriptome analysis revealed complex spatial distribution patterns of lipids and transcripts. In general, it appeared that many triacylglycerol and phosphatidylcholine species distributed heterogeneously throughout the embryos. Tissue-specific transcriptome analysis identified key genes involved in de novo fatty acid biosynthesis in plastid, triacylglycerols assembly and lipid droplet packaging in the endoplasmic reticulum (ER) that may contribute to the high or low oil phenotype and heterogeneity of lipid distribution. Our results imply that transcriptional regulation represents an important means of impacting lipid compartmentalization in oil seeds. While much information remains to be learned about the intricacies of seed oil accumulation and distribution, these studies highlight the advances that come from evaluating lipid metabolism within a spatial context and with multiple omics level datasets.
INTRODUCTION
Brassica napus (B. napus) is the third largest source of plant oil after oil palm and soybean, producing approximately 15% of edible oil globally (Gracka et al., 2016; Liu et al., 2016) . It is closely related to Arabidopsis sharing about 81% conserved sequence for most gene sequence (Parkin et al., 2005) . Analysis indicates that the oil biosynthesis pathways are mostly conserved between B. napus and Arabidopsis (Niu et al., 2009; Zhao et al., 2012) . Thus, B. napus is considered an ideal oil crop for translating fundamental knowledge from the model species Arabidopsis (Snowdon and Friedt, 2004; Parkin et al., 2005) . The typical seed oil content of B. napus germplasm varies between 35 and 50% (Liu et al., 2010 . Recently, breeders have generated ultra-high oil content materials with 55-60% oil content . It is estimated that the seed oil content can be ultimately increased to 75% (Hu et al., 2013; Wang et al., 2016) . Thus, there is a great potential to increase the seed oil content of B. napus, and knowledge underlying the variations in oil content in B. napus germplasms will pave the way for genetic improvement of B. napus seed oil content as well as other oilseed crops.
Seed oil accumulation and composition are important traits controlled by a large number of genetic and metabolic factors. Over the past 3 decades, progress has been made toward understanding the enzymes and pathways for oil biosynthesis in plants using Arabidopsis as a model species (Shockey et al., 2016; Troncoso-Ponce et al., 2016) . However, recent studies have revealed that the spatial complexity of oil biosynthesis pathways may have gone largely underappreciated (Chapman and Ohlrogge, 2012; Wu et al., 2015; Shockey et al., 2016; Singer et al., 2016) . Oil biosynthesis is complex, and likely regulated differently across tissue types (Chapman and Ohlrogge, 2012) . During oil accumulation in seeds, carbon flux is the key factor that impacts the quantity of oil that is accumulated (Tan et al., 2011; Hernandez et al., 2012; Hofvander et al., 2016; Kelly and Feussner, 2016) . Unfortunately, there is limited information on how tissue-specific differences may influence carbon flux and oil accumulation in seeds.
In most plants, oil is stored in the form of triacylglycerols (TAGs) in seed tissues. TAGs primarily accumulate in the embryo and/or endosperm tissues, depending on the plant species (Murphy, 1993) . For example, the primary location of TAG storage in oilseed rape is the embryo, whereas in castor bean TAGs accumulate in the endosperm (Murphy, 1993) . In oilseeds that store oil in the embryo, the primary storage tissues are the cotyledons, however a significant proportion of the seed oil can accumulate in the hypocotyl, radicle, and peripheral endosperm/aleurone tissues (Woodfield et al., 2017) . Traditionally, location of lipids has been visualized using microscopy techniques with fluorescent dyes or chemical stains (Eggeling et al., 2009; Wessels et al., 2010; . However, microscopy can only provide qualitative information of lipid localization and does not provide chemical composition of the lipids imaged. In contrast with microscopy, conventional mass spectrometry (MS)-based lipidome approaches provide accurate identification and quantification of the lipids, but the details of lipid location are lost during the extraction process Sturtevant et al., 2015) . Development of mass spectrometry imaging instruments, including desorption electrospray ionization-mass spectrometry (DESI-MS), secondary-ion mass spectrometry (SIMS), and matrixassisted laser desorption/ionization-mass spectrometry (MALDI-MS) have bridged the limitations to conventional microscopy and lipid extract analysis, allowing for comprehensive metabolite detection/visualization in situ (Horn and Chapman, 2014a,b; Sturtevant et al., 2015; Dong et al., 2016) . These techniques have demonstrated that metabolites, including lipids, proteins, and numerous secondary metabolites are more heterogeneously distributed within tissues than perhaps previously appreciated (Dueñas et al., 2016; Gemperline et al., 2016; Aziz et al., 2017) .
MALDI-MS imaging (MALDI-MSI) has been used to study the spatial distribution of lipid metabolites, phosphatidylcholines (PCs) and TAGs in various oilseed samples including Gossypium hirsutum (Horn et al., , 2014 , Camelina sativa (Horn et al., 2013; Marmon et al., 2017; Usher et al., 2017) , and Arabidopsis thaliana . In a particularly relevant example, the examination of developing B. napus cv. Westar seeds revealed that PC and TAG were distributed in a heterogeneous manner in which some species were enriched in cotyledonary tissues, whereas others were abundant in the embryonic axis (hypocotyl and radicle) or seed coat (Woodfield et al., 2017) . These MALDI-MSI studies of lipid distributions suggest that lipid metabolism is differentially modulated in seed tissues at the gene transcription and/or enzyme levels (Horn and Chapman, 2014a,b; Woodfield et al., 2017) . Novel strategies coupling MALDI-MSI to transcriptomic data are expected to reveal tissue-specific differences in metabolites and transcripts involved in lipid composition and oil content (Horn and Chapman, 2014a,b; Sturtevant et al., 2015) .
To explore the factors influencing the spatial distributions of lipid metabolites, this study was undertaken to determine the tissue-specific differences in metabolites and transcripts involved in oil biosynthesis for two natural accessions of B. napus, ZS11 and WH5557, that accumulate high and low amounts of oil, respectively. Our results show that PC and TAG metabolites were distributed throughout the embryo in a heterogeneous manner in both accessions with those molecular species containing C16:0 acyl moieties especially enriched in the embryonic axis (EA) relative to the cotyledons. Moreover, the high-oil accession ZS11 had elevated levels of TAG, but significantly lower levels of PA in all parts of the embryo. Transcriptome analysis of individual seed tissues offered possible explanations for both tissue-specific heterogeneity as well as oil content that go beyond the level of differences in carbohydrate and fatty acid (FA) metabolism. Together, our results provide important insights into potential mechanisms that affect lipid metabolism and oil content in B. napus seed tissues, especially from a spatial perspective.
RESULTS

Comparative analysis of two B. napus seeds differing in oil content
Two natural, low erucic acid, accessions of B. napus were selected and their general anatomical and storage characteristics are shown in Table 1 and Figures 1 and S1. The oil content was determined by near-infrared reflectance spectroscopic analysis. The average oil content and seed weight over a 3-year period for Zhongshuang11 (ZS11, high-oil) were significantly higher than that of WH5557 (low oil) ( Table 1 ). The weight percentage of the outer cotyledon (OC), inner cotyledon (IC), EA and seed coat tissues (SC) were similar between both accessions, with the cotyledonary and EA tissues comprising approximately 70% and 12.5%, respectively ( Figure S1a) . OC, IC, EA and SC tissues of a desiccated seed were observed clearly under a bright-field microscope (Figure 1b) . Protein, soluble sugar, and starch contents were significantly higher in WH5557, compared with that in ZS11 (Table 1) . FA compositions from whole seeds and from individual tissues of both accessions were determined by gas chromatography-mass spectrometry (GC-MS). C18:0 and C18:3 were significantly lower in WH5557, and C18:1, C20:0 and C22:1 were significantly higher in WH5557 (Figure 1a) . Both accessions were dissected and FA compositions were determined for the OC, IC, EA and SC tissues.
The results indicated that the FA compositions were somewhat different among each seed tissue and across both accessions (Figure 1c ). For example, in both seeds the levels of C18:1 were higher in the OC and IC than that in the EA, whereas levels of C16:0 and C18:2 were significantly lower in the OC and IC than that in the EA for both accessions (Figure 1c) . A difference in the amounts of neutral lipid in seed tissues between ZS11 and WH5557 was visualized at the cellular level by confocal laser scanning Two inbreed accessions were planted in Wuhan and the agronomic traits trended to be stable. Seed oil content and protein content are the average value of the year 2014, 2015 and 2016 (mean AE SD, n = 3). Five individual plants were analyzed by infrared spectrometer for each material every year. The seed weight per 1000 seeds was measured by an automatic seed metering device (mean AE SD, n = 80-100). Soluble sugar and starch content were detected by anthrone-H 2 SO4 colorimetry (means AE SD, n = 3). * and ** denote significant difference at P < 0.05 and P < 0.01, respectively, based on Student's t-test. microscopy ( Figure 1d ). Hand sections of the OC, IC and EA were stained with boron-dipyrromethene (BODIPY) 493/503 which selectively stains neutral lipid, and allowed for the evaluation of the difference in the neutral lipid compartmentalization between the seed tissues of these two accessions. Areas of fluorescence were greater for all ZS11 tissues, confirming increased compartmentalization of neutral lipid per unit tissue area in ZS11 compared with WH5557 (Figures 1d and S1b).
Spatial distribution of TAG and PC in B. napus seeds in situ
To study the lipid distribution in situ of TAGs and their metabolic precursor PCs, seeds of both accessions were cryo-sectioned, then analyzed by MALDI-MSI (Horn and Chapman, 2014a,b; Sturtevant et al., 2015) (Figures 2 and  S2 ). Mass spectra were collected at each location on the tissue section at the 40 micron step size, and the images were reconstructed using in-house software, Metabolite Imager (Horn and Chapman, 2014a,b) . Molecular species of TAGs and PCs were plotted as false-color images on a green (minimum) to red (maximum) scale representing the ion intensity corresponding to each m/z determined by high resolution mass spectrometry. Before plotting the MALDI-MS images, the ion intensities for each lipid class were converted to mol%, and then plotted with the scale of the images adjusted individually to visualize the distribution of each TAG and PC molecular species (Figure 2 ). Images were also plotted to the same ion intensity scale ( Figure S2 ), where the scale was set to the most abundant species for each of the high-oil and low-oil seeds. Sections from three different seeds were analyzed by MALDI-MSI to confirm the reproducibility of the localization results, and allow for mol% averages across biological replicates to be calculated. Patterns of lipid distributions were reproducible for the two seed genotypes ( Figure S3 ). For TAG species, heterogeneity mainly existed between the cotyledons (OC and IC) and EA tissues, whereas only minor differences in relative distribution were observed between OC and IC (Figure 2a,b) . In general, the molecular False-colored images of embryo cross-sections showing the spatial distribution of selected TAG species in ZS11 and WH5557 seeds. The resolution of the Orbitrap high resolution MS analyzer was set to 60 000, and the laser was set to a raster step size of 40 lm over entire section. Images are plotted on a green (minimum) to red (maximum) intensity scale. Ion intensities corresponding to m/z for protonated and potassiated adducts of each molecular species were summed and normalized at each location to total ion intensity for the class. Bright-field images of seed tissue are shown in Figure 1 species of TAG-52C (16:0/18:X/18:X) series (Figure 2a, b) showed similar patterns of distribution in both the high-oil and low-oil accessions, where these molecular species were enriched in the EA compared with the cotyledonary tissues. The presence, but not the sn-position, of these acyl groups was verified by ESI-MS/MS. These results for the presence of C16:0-containing TAGs were consistent with the FA analysis (Figure 1c) , showing higher proportional amounts of C16:0 in the EA compared with the cotyledons. TAG-54:3 (18:1/18:1/18:1) was the most abundant molecular species in both accessions and was preferentially enriched in cotyledonary tissues relative to the EA in both accessions ( Figure S2a,b) . Again, this was consistent with the higher proportion of C18:1 in cotyledons relative to the EA in tissue extracts (Figure 1c ). In ZS11, there was less apparent heterogeneity in the distributions of the remaining abundant TAG-54C species including TAG-54:4, TAG-54:5, TAG-54:6, and TAG-54:7 (Figure 2a ). Conversely, in WH5557, TAG-54:6 and 54:7 were preferentially enriched in the EA. An additional difference between these accessions, was that TAG-54:2 was poorly detected and showed no heterogeneity in ZS11, whereas it accumulated at appreciable levels and was clearly enriched in the cotyledonary tissues in WH5557 (compare TAG-54:2 in Figure 2a,b) .
For PC distribution, the relative location of the PC-34C (16:0/18:X) series was preferentially enriched in the EA in both accessions (Figure 2c,d ). This distribution pattern is consistent with C16:0-containing PC molecular species being metabolic precursors for the TAG-52C (16:0/18:X/18: X) series, which were also enriched in the EA relative to the cotyledons (Figure 2a,b) . The most abundant PC molecular species was PC-36:2 (Figure S2c,d; mostly 18:1/ 18:1), and was enriched in the cotyledons relative to the EA in both accessions. This distribution is consistent with a precursor-product metabolic relationship between PC-36:2 (18:1/18:1), as the PC-derived DAG, for the assembly of Figure 2a, b) . This distribution was also consistent with the tissue-specific FA analysis showing more 18:1 FA in cotyledonary tissues compared with EA tissues (Figure 1c) . A contrasting heterogeneous distribution was observed for PC-36:4 and PC-36:5, in WH5557 these distributions were pronounced in the EA relative to the cotyledons, where in ZS11 the distributions were more homogenous with minor enrichment in the EA (compare Figure 2c,d) .
Comparisons of the summed mol% over seed sections analyzed by MALDI-MSI to those determined by conventional quantitative means in whole seed extracts were generally in good agreement for both TAG and PC ( Figure S4 ). MALDI-MSI appeared to overestimate somewhat the percentage of the more abundant molecular species of TAGs and PCs, and underestimate the less abundant species, compared with ESI-MS/MS of extracts. Differences between the methods may result from ion suppression effects in seed sections or from taking mol% averages (albeit of 20 000 scans) of a cryo-section in two dimensions that may vary slightly from other sections in the entire embryo in three dimensions. However, with the exception of TAG-54:2 and PC-36:1 in ZS11, the relative amounts for all molecular species trended together in both methods for both lipid classes (and in both accessions), indicating that MALDI-MSI does a reasonably accurate job of estimating the overall relative mol% within the lipid class, and offers the advantage of mapping the tissue-specific two-dimensional location of individual molecular species as well. Additional minor species of TAGs and PCs were detected in seed sections and some showed heterogeneous patterns of distribution but these were minor contributors to both the TAG and PC pools in seeds of both accessions (Figure S5 ).
Lipidome profiles in extracts of embryo tissues
To confirm and quantify the spatial heterogeneity of PC and TAG as well as other lipid classes in different types of seed tissues, seed tissues were hand dissected and total lipids were extracted and analyzed by LC-ESI-MS. Eleven lipid classes and their molecular species were profiled, including TAG, diacylglycerol (DAG), PC, PA, phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), lysophosphatidylcholine (LPC), monogalactosyldiaclyglycerol (MGDG), and digalactosyldiacylglycerol (DGDG). The content of different lipid classes showed significant differences among OC, IC, and EA tissues (Figure 3 ). TAG and DAG levels were highest in the OC and lowest in the EA. TAG content of each tissue from ZS11 was higher than that in WH5557, which was expected as the whole seed oil content of ZS11 was much higher than WH5557 (Table 1) . Phospholipids including PC, PE, PG, PS, PI and LPC had the highest level in the EA (Figure 3) .
The major molecular species of glycerolipid classes were quantified in extracts from each embryo and plotted as false-color heat maps on a Log 2 scale to provide a visual indication of quantities (Szymanski et al., 2014) . Molecular species for TAG and metabolic precursors, DAG, PA and PC are shown in Figure 4 , while other classes including MGDG, DGDG, PI, PS, PG, and LPC are shown in Figure S6 (a,b). The major species of TAG were TAG-52:2 to TAG-52:4 and TAG-54:2 to TAG-54:7 in both accessions (Figure 4a) , which was consistent with the results shown in Figure 2 in seed sections and for whole seed extracts. The results confirmed that the content of C16:0-containing TAGs, TAG-52:2, TAG-52:3 and TAG-52:4 was highest in the EA in both accessions, consistent with results from MALDI-MSI (Figure 2 ). The most abundant TAGs were the C54 series including TAG-54:3, -54:4, -54:5, -54:6, and -54:7 and these species were uniformly distributed across the embryo of ZS11 (Figure 4a ). In WH5557, quantities of TAG-54:6 and especially TAG-54:7 were more enriched in the EA compared with the OC and IC, consistent with the MALDI-MSI results. Data obtained from neutral loss scanning to analyze the detailed isomeric species of the TAG-54C series are shown in Figure S7 (a). While there were subtle differences among the distributions of the individual isomers in different tissues, generally, the overall neutral loss data supported the quantitative similarities and differences among tissues.
In seed tissues, molecular species compositions of PC reflect their use as both membrane lipids and as precursors for TAG biosynthesis. The data in Figure 3 showed that the content of PC was highest in the EA in both accessions, and it was greater in all tissues of WH5557, compared with those of ZS11. Detailed lipidome analysis indicated that the 34C and 36C species of PC were the major molecular species of this class (Figure 4b ), and these were enriched in the EA (Figures 4b and S7b), which generally agreed with previous MALDI-MSI results ( Figure 2 ). For example, PC-34:1, PC-34:2 and PC-34:3 levels were higher in the EA compared with both cotyledons for both accessions (Figures 2 and 4b) . Similarly, the amounts of PC-36:3, PC-36:4 and PC-36:5 were highest in the EA compared with cotyledons for both accessions as well (Figures 2, 4b and S7b) . Overall, there was good agreement between the detailed lipidome analysis of tissues and the distributions visualized by MALDI-MSI. In terms of precursor-product relationships between PC and TAG species, this was obvious for the EA tissues in both accessions in which the C16:0-containing PC and TAG species were both enriched in the EA. There was a less obvious relationship between PC and TAG for the di-18C PC species and tri-18C TAG species, especially in ZS11 where tissue heterogeneity of TAG species was less pronounced.
DAG content was highest in the OC and lowest in the EA of both accessions, and accumulated more in the OC and IC of ZS11 than that of WH5557 ( Figure 3 ). Several major DAG species differentially accumulated in seed tissues of both accessions (Figure 4c ). The amounts of major DAG species including DAG-36:2, DAG-36:3 and DAG-36:4 were greatest in the OC of ZS11 relative to other tissues. For WH5557, the content of DAG-36:2 was highest in the OC and lowest in the EA, whereas DAG-36:3 and DAG-36:4 showed no difference among seed tissues (Figures 4c and S7c). DAG-36:2 and DAG-36:3 content were significantly different in the OC and IC between ZS11 and WH5557. The content of DAG-36:4 only showed difference in the OC between ZS11 and WH5557 ( Figure S7c ). These data showed that steady-state levels of DAG were greatest in ZS11, and that DAG species were distributed heterogeneously within seed tissues. However, the precursor-product relationships between DAG species and TAG species OC, IC and EA were isolated from two seeds. The composition of lipid species was analyzed by LC-ESI-MS. Data was normalized by log 2 calculation method (Szymanski et al., 2014) . Heatmap was drawn using Heatmap Illustrator software (version of HemI 1.0.3.3).
were not especially apparent on a tissue-specific basis, perhaps reflecting its utilization for other membrane glycerolipid species such as PG, PI, PS, PE, etc.
Phosphatidic acid is one of the key intermediates during biosynthesis of TAG and can be formed through the Kennedy pathway, or from PC by phospholipase D (PLD). There was a pronounced difference in PA levels between the ZS11 and WH5557 in all tissues. In WH5557, PA content in the OC, IC and EA was 4.3-, 4.2-and 2.7-fold greater compared with the contents of PA in ZS11 (Figure 3) . PA levels were also quantified in whole seeds which showed WH5557 had significant higher PA than ZS11 ( Figure S6c ). PA-36:3 and PA-36:4 showed no difference among OC, IC, and EA in WH5557, whereas in ZS11 PA content was elevated in the EA compared with the OC and IC (Figures 4d and S7d). The C16:0-containing PA species, especially PA-34:1 and PA-34:2, were more enriched in the EA, consistent with the distributions of C16:0-containing PC and C16:0-containing TAG species supporting a precursor-product relationship for these species in the EA.
In addition to TAG and its major precursor metabolites, PE, PG, PS, PI, LPC, MGDG and DGDG were also analyzed ( Figure S6a,b) . These results showed that many lipid species had different amounts in different types of seed tissues. Together, these data implied that heterogeneity in glycerolipid content and composition is prevalent in seeds tissues of both accessions, and that the metabolism of storage lipids and membrane lipids in seed tissues is more complex from a spatial perspective than perhaps appreciated.
Gene expression in seed tissues of the high-oil and low-oil accessions
It is likely that transcriptional differences among tissues and between accessions could help explain the compartmentalization of lipid metabolism in ZS11 and WH5557 (Sturtevant et al., 2015 . Dry mass, water content and FA accumulation of developing seeds were measured at 10, 18, 26, 34, 41, and 45 days after flowering (DAF). These results were used to determine a stage during mid-/late-oil accumulation to extract RNA. Water content and dry mass accumulation were comparable between ZS11 and WH5557 during seed development. FA accumulation was accelerated during 26-34 DAF, and then reached a slow and steady increase after 34 DAF ( Figure S8 ). Not surprisingly, FA accumulation in ZS11 was significantly greater than that in WH5557 after 26 DAF ( Figure S8 ). These results indicated that through development FA accumulated at a more rapid rate in ZS11 than that in WH5557. Based on the seed development analysis, seeds at 34 DAF were selected for tissue dissection and transcriptome analysis. Transcript levels were calculated as RPKM (reads per kilobase per million reads). Principal components analysis (PCA) showed that ZS11 and WH5557 could be clearly separated in the first principal components. EA and OC or IC could be clearly separated in the second principal components, but OC and IC could not be separated ( Figure S9 ). Transcript levels were compared among OC, IC, and EA of the same accession, and the same seed tissues of ZS11 and WH5557. Genes with transcript levels equal to or greater than two-fold difference were selected to draw a Venn diagram. There were 87 genes differentially expressed among three tissues of ZS11 (Figure 5a ), 42 genes in WH5557 (Figure 5b) , and 4226 genes among OC, IC, and EA of WH5557 vs ZS11 (Figure 5c ). Gene ontology (GO) analysis showed that these differentially expressed genes were mainly distributed in cell, cell part, organelle, and membrane of the cellular component category ( Figure S10 ). For molecular function terms, the catalytic activity and binding activity terms were most enriched. For the biological process category, the GO terms biological regulation, regulation of biological process, metabolic process, cellular process, and (d) TAG biosynthesis pathway via glycolysis to FA biosynthesis and TAG assembly. The color boxes are the heatmap of gene expressions from RNA-seq which were normalized by the log 2 calculation method (Data S1). RNA was extracted from OC, IC, and EA of 34 days development seed, three repeats for each. Abbreviation of genes that encode proteins (purple letters): SUT, Suc transporter; CWIN, cell wall invertase; SUSY, Suc synthase; UGP, UDP-Glc pyrophosphorylase; FK, fructokinase; HXK, hexokinase; PFK, phosphofructokinase; PFP, ppi-dependent phosphofructokinase; FBA, Fru-bisphosphate aldolase; TPI, triose-P isomerase; GAPC, glyceraldehyde-3-phosphate dehydrogenase c; PGK, phosphoglycerate kinase; i-PGM, cytosolic phosphoglucomutase; Enolase, phosphoenolpyruvate enolase; PK, pyruvate kinase; PEPC, phosphoenolpyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; MDH, malate dehydrogenase; ME, malic enzyme; PDH, pyruvate dehydrogenase; ACCase, acetyl-CoA carboxylase; MCMT, malonyl-CoA:ACP malonyltransferase; KASI, 3-ketoacyl-acyl carrier protein synthase I; KASII, 3-ketoacyl-acyl carrier protein synthase II; KASIII, 3-ketoacyl-acyl carrier protein synthase III; KAR, ketoacyl-ACP reductase; HAD, hydroxyacyl-ACP dehydrase; ENR, enoyl-ACP reductase; ACP, acyl carrier protein; SAD, stearoyl-acyl carrier protein desaturase; FATA, acyl-ACP thioesterase A; FATB, acyl-ACP thioesterase B; GPDH, glycerol-3-phosphate dehydrogenase; LACS9, long-chain acyl-CoA synthetase 9; LPCAT, lysophosphatidylcholine acyltransferase; FAD2, FA desaturase 2; FAD3, FA desaturase 3; PLD, phospholipase D; CPT, CDP-choline:diacylglycerol cholinephosphotransferase; PDCT, phosphatidylcholine:diacylglycerol cholinephosphotransferase; PLC, phospholipase C; PDAT, phospholipid:diacylglycerol acyltransferase; GPAT9, glycerol-3-phosphate acyltransferase 9; LPAAT, lysophosphatidic acid acyltransferase; PAP, phosphatidic acid phosphatase; DGAT, diacylglycerol acyltransferase; OBO, oil body oleosin; CALO, caleosin; LEC2, leafy cotyledon 2; WRI1, wrinkled 1; AGPase, ADP-glucose pyrophosphorylase; SS, starch synthase; ER, endoplasmic reticulum. For simplicity, members of gene families have been combined at each metabolic step. Individual transcript levels, gene names and IDs for each isoform can be found in Data S1. response to stimulus were most enriched in differentially expressed genes.
Genes involved in carbohydrate and lipid metabolism were analyzed and presented on a Log 2 scale as relative transcript levels among the tissues and accessions, with specific focus on glycolysis, starch synthesis, FA synthesis, and TAG accumulation/packaging pathways (Figure 5d ). Most genes exhibited differential expression among OC, IC and EA tissues in both accessions, and many genes also showed substantially differential expression levels in the same tissue between the high-oil and low-oil accessions (Figure 5d and Data S1). In seeds of the low oil, WH5557, most of the genes in glycolysis pathway had higher transcript levels in the IC and EA than in the OC. Many glycolysis genes also had higher transcript levels in the OC, IC, and EA of WH5557 compared with the corresponding tissues in ZS11 (Figure 5d ). The transcript levels of ADP-glucose pyrophosphorylase (AGPase) and starch synthase (SS) genes, the last two steps of starch biosynthesis, were also higher in all tissues of WH5557 compared with that of ZS11 (Figure 5d ). In addition, transcripts for genes encoding enzymes for pyruvate utilization for several amino acids were also higher in tissues of WH5557 ( Figure S11 ) suggesting that, in WH5557, there might be a relatively greater tendency toward both carbohydrate and protein accumulation. The results were consistent with the observation that WH5557 had higher amounts of starch and protein than ZS11 (Table 1) .
In terms of FA synthesis in the plastid, there was a less obvious relationship between differential expression levels and the high-oil and low-oil phenotypes for these two accessions. For example, transcripts for malonyl-CoA:ACP malonyltransferase (MCMT), enoyl-ACP reductase (ENR), and acyl-ACP thioesterase A (FATA) were generally higher in the three seed tissues of ZS11 than those of WH5557. Conversely, transcripts encoding many other enzymes for FA synthesis were at higher levels in WH5557 compared with ZS11, including subunits of pyruvate dehydrogenase Figure 6 . Gene expression levels contributing to the high-oil or low-oil phenotype and tissue heterogeneity. (a-c) Selected gene expression levels (RPKM) from RNA-seq (Data S1) involved in (a) phosphatidic acid to triacylglycerol synthesis; (b) lipid droplet packaging and formation; and (c) FA composition and tissue heterogeneity. Expression levels represent the summed RPKMs from all B. napus isoforms/paralogues (means AE SD, n = 3). * and ** denote significance at P < 0.05 and P < 0.01, respectively, based on Student's t-test. LPAAT, lysophosphatidic acid acyltransferase; PAP, phosphatidic acid phosphatase; PLDa, phospholipase Da; DGAT, diacylglycerol acyltransferase; KASII, ketoacyl-ACP reductase; SAD, stearoyl-acyl desaturase; FATA, acyl-ACP thioesterase A; FATB, acyl-ACP thioesterase B; RPKM, reads per kilobase per million mapped reads.
(PDH), acetyl-CoA carboxylase (ACCase), 3-ketoacyl-acyl carrier protein synthase III (KASIII), ketoacyl-ACP reductase (KAR), hydroxyacyl-ACP dehydratase (HAD), stearoyl-acyl carrier protein desaturase (SAD) and acyl-ACP thioesterase B (FATB) (Figure 6 and Data S1). Together, these results do not support an absolute transcriptional upregulation in FA biosynthesis between the two accessions as a means to explain the differences in oil content between the two accessions.
The supply of precursors for glycerolipid assembly in the ER, glycerol-3-phosphate (G-3-P) and acyl-CoA, are produced by NAD-dependent glycerol-3-phosphate dehydrogenase (GPDH) and long-chain acyl-CoA synthetase 9 (LACS9), respectively (Bourgis et al., 2011; Dussert et al., 2013) . The transcript levels for these two enzymes were opposite in the two accessions; the transcript levels for GPDH were higher in the OC and IC of ZS11 than in WH5557. However, the transcript levels for LACS9 were higher in the IC and EA of WH5557 than in ZS11, but lower in the OC. Among tissues, both GPDH and LACS9 had the highest level of expression in the IC of the three seed tissues in both accessions (Figure 5d ). Thus, it is unclear from the transcript levels alone whether these steps are important in modulating the oil content difference between these two accessions.
Assembly of TAGs in the ER is integrated with the assembly of membrane glycerolipids with two possible routes leading to TAGs (Chapman and Ohlrogge, 2012) . In the Kennedy pathway, glycerol-3-phosphate acyltransferase 9 (GPAT9), 1-acylglycerol-3-phosphate acyltransferase (LPAAT), phosphatidic acid phosphatase (PAP) and diacylglycerol acyltransferase (DGAT) are the sequential enzymes in TAG synthesis utilizing G-3-P (White et al., 2000; Bourgis et al., 2011; Chapman and Ohlrogge, 2012; Dussert et al., 2013) . The transcript levels for GPAT9 were higher in the IC but lower in the OC of ZS11 compared with WH5557 ( Figure 5d) . Conversely, the transcript levels of LPAAT were modestly higher in three seed tissues of WH5557 than in ZS11, and it had the highest level of expression in the IC of both accessions (Figure 5d ). The transcript levels of PAP and DGAT were highest in the IC of ZS11. The transcript levels of PAP were also higher in the OC and EA of ZS11 than in WH5557, whereas DGAT transcript levels (sum of DGAT1 and DGAT2) were similar in the OC and EA tissues between two accessions (Figures 5d  and 6a ). In another TAG biosynthesis route, lysophosphatidylcholine acyltransferase (LPCAT) transfers an acyl chain from the acyl-CoA pool to LPC to form PC, and then via phospholipid:diacylglycerol acyltransferase (PDAT) from PC to DAG to form TAG (Chapman and Ohlrogge, 2012; Marmon et al., 2017) . Somewhat contradictory with expectations (if LPCAT and PDAT were important in determining oil content differences between these two accessions), the transcript levels of LPCAT were highest in all of the seed tissues of WH5557 compared with ZS11. PDAT expression varied among tissues and accessions; it was highest in the EA of WH5557, while it was lower in the IC tissues of WH5557 compared with ZS11. Taken together, it is unlikely that transcriptional differences in genes for triacylglycerol assembly, through either the Kennedy pathway or the PDAT-mediated pathway, account for differential accumulation of TAG in the high-oil and low-oil accessions.
Phosphatidylcholine is an important intermediate for TAG biosynthesis in most oil seeds, particularly in seed oils with polyunsaturated FAs because the acyl groups are desaturated in the ER by membrane-bound desaturases that use PC as their substrate. The transcript levels of FA desaturase 2 (FAD2) were higher in the IC but lower in the EA of ZS11 than that of WH5557, and the transcript levels of FA desaturase 3 (FAD3) were higher in the IC of ZS11 but were higher in the OC of WH5557 (Figure 5d ). Expression of headgroup exchange enzymes that mediate the shuttling between PC and PC-derived DAG, showed no real accession-specific pattern. However, between these two enzymes, phosphatidylcholine:diacylglycerol cholinephosphotransferase (PDCT) and CDP-choline:diacylglycerol cholinephosphotransferase (CPT), there seemed to be a tissue-specific difference, at least in terms of the EA tissues. Transcript levels for PDCT were lowest in EA tissues, while CPT transcript levels were highest in EA tissues in both accessions (Figure 5d ). It may be of interest to note that the phospholipase C (PLC which hydrolyzes PC to form DAG) and phospholipase D (PLD, including PLDa and PLDd which hydrolyze PC to produce PA) had different expression patterns in the different tissues of the two accessions (Figure 5d ). Compared with WH5557, PLC had higher transcript levels in the IC and EA tissues of the high-oil ZS11, and PLD exhibited lower transcript levels in all seed tissues of ZS11. PLD showed the highest expression levels overall in the EA tissues of WH5557 (Figure 5d ).
The final step in seed oil accumulation involves the packaging of TAG at the ER into lipid droplets that are deposited into the cytoplasm for storage. Oil body oleosin (OBO) and to a lesser extent caleosin (CALO) are two of the main lipid droplet proteins that coat lipid droplets in oilseeds. These proteins are important for stability of lipid droplets during seed desiccation and rehydration (Siloto et al., 2006; Schmidt and Herman, 2008; Miquel et al., 2014) . The transcriptome data showed that the expression of OBO (sum of all isoforms) and CALO was higher in all tissues of ZS11 than those of WH5557, and both had the highest expression in the OC of ZS11 (Figure 5d ). Several genes were selected and analyzed by real-time quantitative PCR (RT-qPCR) to help validate RNA-seq results, and transcript levels mostly trended in a similar manner between two methods ( Figure S12 ).
Factors influencing differences in seed oil content and tissue-specific heterogeneity
Although there are likely to be multiple factors influencing both the differences in lipid content and composition between these two accessions and among their seed tissues, some specific transcriptional differences are worth explicitly noting (Figure 6 ), especially in the context of lipid profiles and distributions (Figures 2-4) . One obvious difference between these two accessions was in the content of PA (Figures 3 and 4d) , where WH5557 had substantially higher steady-state levels of PA in all seed tissues relative to ZS11. At the transcriptional level, genes encoding enzymes responsible for PA formation (LPAAT and especially PLDa) were higher in WH5557 than ZS11 (Figure 6a ). Conversely, transcripts for genes responsible for PA utilization (PAP) were lower in WH5557 (Figure 6a ). Meanwhile, transcripts for the genes encoding the utilization of DAG formed from PA (DGAT) were fairly equal between the ZS11 and WH5557. One interpretation of these data is that the conversion efficiency from PA to TAG is considerably less in the low-oil accession, and this may contribute to differences in DAG and TAG levels measured in the tissues of these two accessions (Figures 3 and 4) .
Another key difference between the accessions was in the transcripts for lipid droplet coat proteins, oleosins and caleosins (Figure 6b ). These differences were more pronounced in the EA and IC, but were higher in all tissues of ZS11. The transcript levels for another lipid droplet protein, steroleosin, did not follow this same trend, but its role in stabilizing lipid droplets in the aqueous cytoplasm like oleosin and caleosin is undetermined. Perhaps even more interesting, there was a difference in the transcript levels of SEIPINs (sum of all isoforms) between two accessions, a recently described protein that is involved in the formation of lipid droplets from the ER (Cai et al., 2015) . Transcripts for this so-called 'ER vent' for TAGs were higher in all tissues of ZS11 (Figure 6b ). These data support the content of neutral lipid was higher in three seed tissues of ZS11 than that of WH5557 (Figures 1d and S1b) . It seems that a higher transcriptional capacity for packaging of TAG into lipid droplets at the ER, and stabilizing them in the cytoplasm, was associated with higher amounts of TAG in each of the tissues in ZS11 (Figure 3 ).
For differences in tissue distribution of TAG and PC molecular species, there was an enrichment in C16:0-containing species in the EA tissues, relative to cotyledons (Figure 2 ). By contrast, there was a relative enrichment in di-18:1 PC and tri-18:1 TAG species in cotyledonary tissues of both accessions (Figure 2) . One potential explanation for these differences may reside, in part, in the differential expression of the acyl-ACP thioesterases in these seed tissues. FATA enzymes show a preference toward 18:1-ACP, while FATB enzymes show a preference for 16:0-ACP (Dǒrmann et al., 2000; Chapman and Ohlrogge, 2012) . Transcripts for FATA were higher in cotyledons of both accessions relative to the EA tissues (Figure 6c ). In addition, transcripts for KASII and the acyl-ACP desaturase (SAD) showed a similar enrichment in cotyledons relative to the EA (Figure 6c) , suggesting an increased capacity at the transcriptional level for elevated C18:1 formation and export from plastids in the cotyledons relative to the EA. By contrast, transcripts for FATB were at a higher level in the EA than in cotyledons especially in WH5557 (Figure 6c) , suggesting that the export of C16:0 from plastids might be favored in the EA tissues.
DISCUSSION
Carbon flux determines accumulation of major compounds including oil, protein and other carbohydrates in oilseeds (White et al., 2000; Baud and Lepiniec, 2010; Bourgis et al., 2011; Dussert et al., 2013) . Seeds of two natural accessions of B. napus differing in oil content were chosen to investigate the distributions of lipid metabolites and gene transcripts that might be involved TAG biosynthesis in different seed tissues. ZS11 had much higher oil content than WH5557 (49% versus 33%, Table 1 ), and TAG content was significantly greater in all seed tissues, including OC, IC and EA of ZS11 (Figure 3) . Instead, WH5557 seeds accumulated significantly more protein, sugar and starch than ZS11, suggesting reduced relative carbon flow into oil in WH5557 (Table 1) . Consistent with this concept, the transcript levels for genes encoding enzymes of the last two steps for starch synthesis showed that both AGPase and SS were higher in the embryos of WH5557 (Figure 5d ). Transcripts for glycolysis pathway genes (Figure 5d ) and some genes encoding enzymes for amino acid biosynthesis pathways utilizing pyruvate ( Figure S11 ; likely for storage protein synthesis) also were higher in WH5557, compared with ZS11. Hence, it is reasonable to suspect that starch and protein gene expression programs were transcriptionally upregulated in WH5557 compared with ZS11, and that this accounts for higher relative amounts of these storage reserves.
Previous reports using NMR-based analysis indicated that metabolic flux is locally regulated in B. napus embryos. Embryo structure, light supply and metabolite transport may all affect lipid metabolism . FA composition and lipid spatial distributions varied among different seed tissues of ZS11 and WH5557, suggesting that lipid biosynthesis was differentially regulated at the transcriptional and/or post-transcriptional levels in different types of seed tissues. Indeed, transcriptional analysis of different seed tissues of ZS11 and WH5557 showed that most genes involved in primary metabolism in cytoplasm, de novo FA biosynthesis in plastid and acyl-editing/ TAG assembly in ER had different expression level in different seed tissues (Figure 5d ). These results suggested that transcriptional regulation of lipid metabolism in different seed tissues could contribute to lipid compartmentalization. Most genes involved in FA de novo biosynthesis in plastid and acyl-editing/TAG assembly on ER had much lower expression levels in the EA tissues than that in the OC and IC tissues, which is consistent with EA tissues accumulating less TAG.
Differences in TAG content
It was puzzling to see that FA biosynthesis and TAG assembly pathways did not seem to be generally upregulated in the high-oil accession ZS11 relative to the lowoil accession WH5557 (Figure 5d ). In fact, transcript levels for many genes in the FA synthesis and TAG assembly pathways were higher in WH5557 than in ZS11. Recent attention has been directed toward seed transcription factors that play important roles in regulation of TAG accumulation (Santos-Mendoza et al., 2008; Baud and Lepiniec, 2010; Bourgis et al., 2011; Dussert et al., 2013) . Here, opposite to what would be expected, WRINKLED1 (WRI1) had the highest transcript levels in all three seed tissues of WH5557, and not that of ZS11. Generally, WRI1 had a similar expression pattern to many of the genes involved in glycolysis, FA biosynthesis and TAG assembly pathways, where, despite the mostly higher transcriptional regulation in WH5557, oil did not accumulate to the higher levels like in ZS11. It is likely that downstream oil biosynthesis pathway ('pull' process) in WH5557 seed is less efficient (supported by lower expression level of FATA, GPDH, PAP, DGAT, OBO and CALO) and WH5557 seed has to upregulate upstream pathways ('push' process, supported by higher expression level of WRI1, glycolysis and de novo FA biosynthesis genes) to consume excess photosynthesis products (Vanhercke et al., 2013) .
One potential factor influencing the differential accumulation of TAG in these two accessions may be a difference in the production of PC-derived DAG versus de novo DAG via the Kennedy pathway. There was a significant difference in PA levels between two accessions (Figures 3 and  4d ) which might be regulated by differential expression of PLDa and PAP (Figure 5d and 6a) . In WH5557, the lower levels of PAP transcripts (and presumably PAP protein) likely reduced the availability of DAG supply for TAG synthesis despite an increased amount of PA production via PLDa. Recently, it was shown that elevating the expression of PLD in seeds could enhance the accumulation of TAG, emphasizing the potential importance of PC-derived DAG via PLD for seed oil accumulation (Yang et al., 2017) . PDCT transcripts also were higher in the cotyledons of ZS11 but these differences were considerably less than PLD transcripts. Still, perhaps in this case, there is a less efficient conversion of acyl moieties from PC to TAG via PA in WH5557 and this accounts, in part, for the lower oil content in WH5557 seed.
Another marked difference between these two accessions that could contribute to the oil content in these seeds was the transcriptional capacity for lipid droplet formation. Lipid droplets are packaged at the ER from newly synthesized TAG and this process has received more attention lately in plants (Pyc et al., 2017) . In seeds, oleosins are the major coat protein on lipid droplets and it is believed to be incorporated into lipid droplets as they form in the ER (Kontush et al., 2013) . Reductions in oleosin expression have been associated with changes in lipid droplet morphology, especially following seed desiccation and rehydration (Siloto et al., 2006; Schmidt and Herman, 2008) and also to negatively impact seed oil content (Miquel et al., 2014) . Caleosins are also associated with the lipid droplets of seeds, and their disruption in Arabidopsis delays TAG mobilization (Poxleitner et al., 2006) . Important here is that the transcript levels of both the oleosins (collectively) and the caleosins were significantly higher in all tissues of ZS11 (Figure 5d and 6b) . Furthermore, expression of SEIPINs also appeared to be higher in ZS11 as judged from the higher transcript levels of SEIPIN isoforms (Figure 6b ). SEIPINs were recently shown to be important in modulating lipid droplet formation in Arabidopsis and overexpression in seeds resulted in higher seed oil content (Cai et al., 2015) . There is likely no single factor responsible for the higher oil content in ZS11; however, the transcriptional capacity for TAG packaging appears to be one explanation for the elevated amounts of TAG accumulation in seeds tissues. Indeed, cells of all seed tissues appeared to be more packed full with lipid droplets (as BODIPY-stained neutral lipid) in ZS11 (Figures 1d and S1b), consistent with higher TAG content (Figures 3 and 4a) .
Differences in lipid distribution
In plants, TAG biosynthesis involves multiple routes in different tissue types and subcellular organelles (Ohlrogge and Browse, 1995; Li-Beisson et al., 2013) . Visualizing lipid metabolites by MALDI-MSI previously revealed a heterogeneous distribution of TAG and PC lipid in different seed tissues that appears to be a common phenomenon in oilseeds including cotton, C. sativa, A. thaliana and B. napus, indicating tissue-specific regulation of lipid metabolism in oilseeds (Horn et al., , 2013 Sturtevant et al., 2017; Woodfield et al., 2017) . Consistent with previous results, MS imaging of seed sections of ZS11 and WH5557 showed substantial heterogeneity of major TAG and PC species (Figure 2 ). Lipidome analysis of extracts of dissected tissues by LC-ESI-MS-based approach provided additional information on lipid content in seed tissues and generally verified MALDI-MSI results (Figures 3 and 4a,b) . Furthermore, the quantification of additional lipid classes by LC-ESI-MS-based lipidome analysis provided insight into details of lipid metabolic pathways for glycerolipids other that PC and TAG. Although MALDI-MSI presented lipid distribution based on mol% within the TAG or PC class, and LC-ESI-MS quantified absolute lipid content with internal standards, the distribution of TAG and PC species had good agreement between two approaches. For instance, both approaches showed that many TAG species (TAG-52:2, TAG-52:3, TAG-52:4, TAG-52:5, etc.) and PC species (PC-34:1, PC-34:1, PC-36:4, PC-34:5 etc.) were more abundant in the EA of both seeds (Figures 2 and 4a,b) . However, the two most abundant species, TAG-54:3 and PC-36:2, had lower levels in the EA of both seeds (Figure 2) . These results indicated that the regulation of lipid metabolism in the EA is different from the cotyledons and that the difference might come from desaturation and/or acyl-editing processes. The most abundant FA C18:1 was shown to accumulate less in the EA of both seeds. PC-36:2 and TAG-54:3 contained mostly C18:1 acyl chain (Figure S7) . Thus, it is likely that the availability of C18:1 during PC-36:2 and TAG-54:3 biosynthesis in the EA resulted in PC-36:2 and TAG-54:3 heterogeneity in seeds of both accessions, especially WH5557.
An explanation for the relative enrichment of C18:1 acyl groups in the cotyledonary tissues and the relative enrichment of C16:0 acyl groups in the EA may in part be contributed from the final steps in de novo FA biosynthesis in the plastid. The chain terminating thioesterases, FATA and FATB, have been shown in seeds of many plants to have a preference for either C18:1 or C16:0 acyl-ACPs, respectively (White et al., 2000; Bourgis et al., 2011; Dussert et al., 2013) . These thioesterases were differentially expressed in B. napus embryos such that FATA transcripts were higher in cotyledons, whereas FATB transcripts were higher in the EA tissues (Figures 5d and 6c) , although the latter was more pronounced in WH5557. Moreover, transcripts for KASII which elongates 16:0-ACP to 18:0-ACP, and transcripts for SAD, which desaturates 18:0-ACP to form 18:1-ACP, were higher in cotyledons relative to the EA tissues. Hence at the transcriptional level, there appears to be a tissue-specific enrichment in the capacity for 18:1 formation and export from the plastids, whereas in EA tissues C16:0 FA export may be somewhat higher than in cotyledons to provide additional C16:0 acyl-CoAs for glycerolipid assembly. Another possible influence over 18:1 composition may be contributed from the spatial distribution of PDCT. Transcripts for PDCT in both accessions were significantly higher in cotyledonary tissues relative to the EA tissues (Figure 5d ). This gene, also known as ROD1, is known to influence the 18:1 composition of seeds (Lu et al., 2009) , and its differential expression in cotyledonary versus EA tissues suggests a mechanism for increasing availability of PC-derived di18:1-DAG for TAG assembly in the OC and IC of both accessions.
A differential distribution in 18:2 acyl groups between cotyledons and EA tissues was noted in terms of total FA ( Figure 1c ) and in terms of glycerolipid molecular species by MALDI-MSI (Figure 2 ) and ESI-MS (Figures 4 and S7) . This relative enrichment in the EA for PC and TAG was more pronounced in WH5557. For example, PC-36:4 and TAG-54:6, were relatively more enriched in the EA of WH5557, whereas the tissue-specific differences were less obvious for PC-36:4 or not detected for TAG-54:6 in ZS11. It is tempting to speculate that FAD2 expression could contribute to this heterogeneity, and indeed the transcript levels for FAD2 were higher in the EA than cotyledons for WH5557, but not for ZS11 (Figure 5d and Data S1). FAD3 acting on C18:2-conating PC could further reduce the levels of C18:2 in cotyledons specifically, and the higher transcript levels of FAD3 in the cotyledons support this concept. In other words, the combined contribution of FAD2 and FAD3 may be different in different seed tissues and contribute unequally in two accessions. However, caution should be exercised in interpreting too much from transcriptional differences, as many other post-transcriptional processes could influence enzyme activity. Nevertheless, considering spatial differences in lipid metabolic pathways whether at the transcriptional or post-transcriptional levels, will be important in developing a more complete description on the regulation of oil accumulation during seed maturation.
A previous MALDI-MSI study on B. napus revealed a striking non-uniform distribution of TAG and PC species in developing seeds (Woodfield et al., 2017) . Our MALDI-MSI results of TAG and PC distribution are quite similar to the distribution in late seed development stage (35 DAF) reported by Woodfield et al. For example, TAG-52:2, TAG-52:3, PC-34:1, PC-34:2 and PC-34:3 were more enriched in the EA. TAG-54:3 and PC-36:2 were apparently less in the EA (Figure 2 ). Somewhat surprisingly, the distribution of several major TAG species including had no heterogeneity in ZS11 compared with WH5557. We hypothesize that overcoming TAG compartmentalization in ZS11 seeds might contribute to, or be a result of, the accumulation of more oil in the seed. Future examination of other high-oil B. napus accessions by MALDI-MSI will be required to see if this disruption of heterogeneity of TAG species is a common feature of highoil seeds.
Recently, work by Marmon et al., has suggested that FAE1, DGAT1 and PDAT1 can cooperate to confer heterogeneity of lipid metabolites in Camelina seeds, especially DGAT1 and FAE1 in terms of the cotyledon-enriched distribution of long-chain, 20:1-containing PC and TAG molecular species. Here, we were working with two low-erucic accessions which have much lower levels of long-chain PC and TAG than in normal or high-erucic accessions. It seems that DGAT and PDAT transcript levels were not significantly different among tissues or between accessions, and so may not contribute significantly to heterogeneity in these low-erucic accessions. However, to better assess the contribution of PDAT and DGAT in B. napus, it may be necessary to examine higherucic accessions in the future, especially as the amounts of long-chain FA were so low in the ZS11 and WH5557 accessions.
While additional work will be required to fully comprehend the spatial factors involved in seed oil biosynthesis, the results presented here emphasize the insights that can be gleaned from combining tissue-specific comprehensive datasets of the distribution and quantities of lipid metabolites and gene transcripts in oilseeds. Together, our results may provide breeders and metabolic engineers with potential targets to increase oil content and manipulate FA composition, such as FATs in the chloroplast, serpins in the ER, or oleosins and caleosins for lipid droplet packaging. We acknowledge, moreover, that the combination of some gene families in our initial transcriptional analyses ( Figure 5 ) may oversimplify the intrinsic complexity at discrete metabolic steps, and that the complete transcript abundances presented in Data S1 should be an important resource for future studies of additional pathways and processes that could influence seed oil accumulation in different seed tissues. Further, and perhaps as important, consideration of the endogenous heterogeneity of lipid metabolism in oil seeds will be important in the design of efficient metabolic engineering strategies to optimize outcomes, and this has become evident in the production of long-chain omega-3 FAs in Camelina (Usher et al., 2017) .
EXPERIMENTAL PROCEDURES Seeds collection and plant growth condition
Developing seeds at 10, 18, 26, 34, 41 , and 45 DAF and mature seeds of ZS11 and WH5557 were collected from the field under natural condition. Mature desiccated seeds were used for MALDI-MSI, lipid profiling and oil content analyses.
Neutral lipid analysis
Mature desiccated seeds of the high-oil and low-oil lines were fixed in 4% paraformaldehyde in PIPES-NaOH pH 7.2 buffer overnight at 4°C. Seeds were washed with buffer (29) and thin hand sections of the IC, OC, and EA were taken from both seed lines and stained with fluorophore BODIPY 493/503 (2 lg ml À1 ; Thermo Fisher Scientific, https://www.thermofisher.com). Confocal images of each tissue type were taken using a Zeiss LSM710 confocal laser scanning microscope (Carl Zeiss Microscopy, https://www.zeiss.com) with a 963 magnification objective, a resolution of 1024 pixels 9 1024 pixels and pinhole size of 62.2 AU, and the master gain was set to approximately 750 (Cai et al., 2015; Ivarson et al., 2017) . Fluorescence area was calculated using ImageJ software (Schneider et al. 2012) by measuring the total area of BODIPY fluorescence in confocal images of equal dimensions (3600 lm 2 ).
Carbohydrate content and seed morphology analysis
Protein content was measured by an infrared spectrometer. Soluble sugars and starch content were determined as previously described by Li et al. (2015) . For developing seeds, 10, 18, 26, 34, 41 , and 45 DAF seeds of ZS11 and WH5557 were collected to measure their water content, dry mass accumulation, FA and TAG accumulation. Mature seeds were scanned by an automatic seed metering device to calculate the average seed weight. OC, IC, EA, and SC were separated from each of the two accessions under stereoscopic microscope.
Tissue preparation for MALDI-MS imaging
Seeds were oriented and then embedded in a 10% gelatin (Gelatin from Porcine Skin 300 g Bloom; Sigma-Aldrich, https://www.sig maaldrich.com) solution, which had been equilibrated and held in a 40°C water bath. Embedded tissues were frozen at À80°C for 24 h, after which they were transferred to À20°C for 72 h. A detailed description of this method is described in Sturtevant et al. (2015) . Tissue sections obtained by cryosectioning and selected for MALDI-MSI experiments, were lyophilized and stored desiccated for no longer than 48 h before matrix application and imaging.
Matrix deposition and MALDI-MS imaging
Prior to MALDI-MSI tissue sections were coated with 2,5-dihydroxybenzoic acid (DHB; 98%, Sigma-Aldrich) by sublimation in a method adapted from Hankin et al. (2007) . Matrix-coated seed sections were analyzed on a hybrid MALDI-linear ion trap-Orbitrap mass spectrometer (MALDI-LTQ-Orbitrap XL; Thermo Scientific, San Jose, CA, USA). Seed sections were analyzed in positive ionization mode, with the resolution of the Orbitrap analyzer was set to 60 000 and a raster step size of 40 lm. The laser energy used was 12 lJ per pulse, 10 laser shots and 1 laser sweep shot were used per raster step. Data were collected in an m/z scan range of 500-1200.
Acquired raw MALDI-MSI data were analyzed by open source MALDI-MS imaging processing software Metabolite Imager (Horn and Chapman, 2014a,b) . False-colored images were generated for the principal PC and TAG molecular species by searching against the exact chemical masses (AE10 ppm) acquired from Lipid Maps database (http://www.lipidmaps.org/). Images are plotted on a green (minimum) to red (maximum) intensity scale. 
ESI-MS analysis of TAG and PC from whole seed lipid extracts for comparison with MALDI-MSI analysis
Lipid extractions were performed on seeds of both genotypes as described by Chapman and Moore (1994) . For quantitation, TAG (tri-17:0) and PC (di-14:0) (Sigma-Aldrich) internal standards were added at the beginning of the extraction process. Crude lipid extracts were purified and neutral and polar lipids were separated using silica-based solid phase extraction (SPE; silica-columns 6.0 ml, Sigma-Aldrich). The neutral lipid fraction, containing TAG, was eluted with hexane and diethyl-ether (4:1), whereas the polar lipid fraction, containing PC, was eluted using methanol (MeOH) and an additional wash of chloroform (CHCl 3 ). The neutral and polar lipid fractions from the lipid extracts were analyzed by direct infusion triple quadrupole electrospray ionization-mass spectrometry (ESI-MS) on an API 3000 mass spectrometer (SCIEX, https://sciex.com) to determine TAG and PC molecular composition. Instrument conditions were similar to those described by Li et al. (2014) and Devaiah et al. (2006) . The TAG molecular compositions were determined from full MS scans, whereas PC composition was determined from precursor ion scans of the detecting for precursor ion fragment of the PC head group at m/z of 184.07. Data were analyzed using open source software LipidomeDB Data Calculation Environment (Zhou et al., 2011) .
Lipid profiling analysis of lipid extracts from different seed tissues
Seed tissues of OC, IC, and EA were separated and weighed. Lipids were extracted from each tissue type and analyzed by liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS). Polar lipids were analyzed using an Exion UPLC system coupled with a triple quadrupole/ion trap mass spectrometer (6500 Plus Qtrap; SCIEX). MRM transitions were set up for comparative analysis of various polar lipids as described previously (Lam et al., 2014) . Lipid species in each class were quantified by referencing to spiked internal standards corrected by response factor determined by two standards of same class. DAGs and TAGs were analyzed using a modified version of reverse phase (RP)-HPLC/ESI/MS/MS described previously (Lam et al., 2014) . Briefly, separation of the aforementioned lipid extracts was carried out on a Phenomenex Kinetex 2.6l-C18 column using an isocratic mobile phase of chloroform: methanol: 0.1 M ammonium acetate (100:100:4). Neutral loss MS/MS scans of FAs were used to determine the levels of TAGs and DAGs. TAGs were quantified against the relative amounts of TAG-14:0/ 14:0/14:0-d5, TAG-15:0/15:0/15:0-d29, TAG-18:0/18:0/18:0-d5 internal standards (CDN Isotopes, https://cdnisotopes.com). DAG species were quantified using DAG-16:0/16:0-d5 and DAG-18:1/18:1-d5 internal standards (Avanti Polar Lipids). MGDGs and DGDGs were separated using Phenomenex Kinetex 2.6l-C18 column (internal diameter 4.6 9 100 mm) using an isocratic mobile phase of chloroform: methanol: 2% of 50 mM sodium acetate (49:49:2) at a flow rate of 160 ll min À1 for 25 min as previously described (Cheong et al., 2014) . Individual MGDG and DGDG molecular species were quantitated by referencing to MGDG-16:0/18:0 and DGDG-18:0/ 18:0 internal standards (Matreya LCC, http://www.matreya.com).
GC-MS analysis of total FA accumulation in seed
Fatty acid composition of dissected seed tissues and whole seeds were quantified using a GC-MS (SHIMADZU, QP2010 Ultra, https:// www.shimadzu.com) with a chromatographic RESTEK Rtx â -Wax column (0.25 mm 9 30 m). The lipids were extracted from individual seed tissues and methyl-esterified as described by Lu et al. (2016) . Finally, 1 ll FA methyl ester solutions were injected into the GC-MS. Instrument conditions and method were as follows: the injection port temperature was 230°C, and the oven temperature began at 170°C for 1 min, and then was increased by 3°C/min up to 230°C for 3 min. The temperature of ion source was 200°C. FA content was quantified based on added internal standard heptanoic acid (17:0).
RNA extraction, RNA-seq analysis and real-time PCR OC, IC, and EA tissues of developing (34 DAF) seeds of ZS11 and WH5557 were separated and flash-frozen in liquid nitrogen. Three biological replicates were collected and total RNA was extracted from each seed tissue using RNAprep pure plant kit (DP432, http:// www.tiangen.com/). Extracted RNA samples were sent to GenoSeq (http://www.genoseq.cn/) for RNA-seq analysis using Illumina HiSeq on a paired end 2 9 150 cassette. Approximately, 6 Gb of Illumina cleaned reads, with adaptor sequences removed, were collected for each tissue per sample type. B. napus genome from Darmor-bzh was used as reference (Chalhoub et al., 2014) . Fragments per kilobase of exon per million mapped reads (FPKM) was calculated by using home design script (http://www.uniquegene.c om.cn/). Expression levels (log 2 ) of genes were visualized using a heatmap (Heatmap Illustrator, version of HemI 1.0.3.3). A counts table was generated by featureCounts and then used for the differentially expression analysis. Differentially expressed genes (DEGs) were identified by applying the statistical tests for the group between different tissues, and was performed using R packages DESeq2. All genes with a Benjamini-Hochberg adjusted P-value smaller than 0.05 and with a fold change large than 2 were reported as differentially expressed (DE) genes. DEG sets were obtained by pairwise comparisons between groups and then compared against each other to identify overlapping and unique gene expression changes.
RNA-seq data were confirmed using RT-qPCR. RNA was isolated as described above and used to synthesize the first-strand cDNA using EasyScript RT Kit (AE311-03). qPCR was conducted using the BIO-RAD CFX96 qPCR detection system (Bio-Rad, http:// www.bio-rad.com) using SYBR green to monitor dsDNA synthesis. The primers used for qPCR are listed in Table S1 . The transcript level of selected genes was validated by qPCR. The qPCR conditions included an initial 1-min of DNA denaturation at 95°C, followed by 45 cycles of 95°C for 10 sec, 62°C for 15 sec and 72°C for 20 sec for PCR cycling and detection; and then 95°C for 1 min, 55°C for 1 min, 80 cycles at 55°C for 10 sec with 0.5°C increase in each cycle to analyze the melt curves. Gene expression levels estimated by real-time-qRT-PCR were normalized to levels of BnActin.
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